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SUMMARY 


The  objective  of  this  program  was  to  improve  the  stress  rupture  and 
creep  properties  of  silicon  nitride  through  the  use  of  a  yttrium-stabilized 
zirconium  oxide  additive  (Zyttrite).  The  range  of  additive  concentration 
studied  was  10  to  25  wt.  °L  in  5%  increments,  and  Norton  NC-132  grade  of 
silicon  nitride  was  also  studied  for  comparison  purposes. 

A  special  batch  of  high  purity  silicon  nitride  was  produced  for  the 
program  by  AME  of  England.  Although  the  powder  supplied  had  a  very  high 
iron  concentration,  it  was  found  that  much  of  the  iron  content  was  removed  by 
filtering  the  powder  through  15  ^im  filters,  a  step  originally  employed  to 
eliminate  large  inclusions  and  agglomerates. 

Dense  billets  of  four  (4)  silicon  nitride-zyttrite  compositions  were 
prepared  by  unidirectional  hot  pressing  techniques  employing  graphite  dies. 

The  compositions  were  evaluated  in  terms  of  transverse  bend  strength,  from 
room  temperature  to  1370°C,  bend  stress  rupture  from  1200  to  1370°C,  and 
two  of  the  most  promising  compositions  were  selected  for  creep  in  bending 
measurements.  These  were  the  10  and  20  wt.  %  Zyttrite  additive  compositions. 
Norton  NC-132  material  was  also  evaluated  under  these  test  conditions.  A 
limited  number  of  stress  rupture  tests  were  also  performed  in  tension  on 
the  10  wt.  "L  Zyttrite  containing  composition  as  well  as  on  NC-132. 

On  a  comparative  basis,  the  results  show  the  NC-132  material  to  be 

stronger  than  the  Zyttrite  containing  compositions  in  terms  of  short-time 

o 

transverse  bend  strength  measurements  up  to  about  1285  C.  However,  at 
1370°C,  the  best  Zyttrite-containing  compositions  reveal  bend  strengths 
about  double  that  of  NC-132  material.  This  has  been  attributed  to  the 
more  refractory  nature  of  the  zirconium  oxynitride  phase,  that  has  been 
identified  in  the  Zyttrite-containing  compositions,  as  compared  to  the 
existence  of  a  lower  temperature  stable  "glassy"  phase  in  the  NC-132  material. 


Bend  stress  rupture  and  creep  experiments  also  reveal  the  superior 
high  temperature  properties  of  the  Zyttrite-containing  compositions.  For 
comparable  levels  of  stress,  the  creep  resistance  of  the  Zyttrite-contaii  ing 
material  was  about  two  orders  of  magnitude  greater. 


INTRODUCTION 


The  objective  of  this  program  was  to  improve  the  stress  rupture  and 
creep  properties  of  silicon  nitride.  The  approach  was  to  enhance  these 
properties  through  incorporation  of  a  yttrium-stabilized  zirconium  oxide 
additive  (known  as  Zyttrite)  to  a  specially  prepared  grade  of  high  purity 
silicon  nitride. 

Earlier  work^  had  shown  that  yttrium-stabilized  zirconia  additions,  in 
the  form  of  a  high  purity,  fine  particulate  had  very  significant  effects 
in  raising  both  the  short  term  low  temperature  bend  strengths  as  well  as 
the  high  temperature  strengths.  In  addition,  the  best  stress  rupture 
behavior  was  observed  with  samples  containing  the  zirconia  additive.  This 
was  consistent  with  both  low  and  higher  purity  grades  of  silicon  nitride 
powder.  An  important  aspect  of  the  current  program  was  to  determine  whether 
an  optimum  concentration  of  zirconia  additive  exists  in  this  system  in 
terms  of  overall  properties.  Four  powder  compositions  were  selected 
containing  10,  15,  20  and  25  weight  percent  zirconium  oxide. 

Samples  were  characterized  at  stages  before  and  after  evaluation  to 
reveal  composition,  microstructure  and  possible  failure  modes  and  mechanisms. 

The  silicon  nitride-zirconia  materials  developed  and  evaluated  in 
the  program  were  rated  against  each  other  as  well  as  Norton  NC-132  grade 
silicon  nitride. 

Powder  Characterization  and  Processing 

Characterization 

Advanced  Materials  Engineering,  Ltd.,  was  placed  under  subcontract  to 
produce  a  22.7  kgs  (50  lbs.)  batch  of  high  purity  silicon  nitride  powder 
containing  no  more  than  the  following  amounts  of  impurity  elements  (in 
wt.  %) :  1.6  oxygen,  0.24  carbon,  0.04  calcium,  0.005  sodium,  0.005  potassium, 

0.065  iron,  0.12  aluminum  and  0.008  magnesium.  The  powder  was  to  consist 
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of  at  least  80%  alpha  phase  with  the  remainder  of  the  powder  consisting 
of  the  beta  phase;  no  other  compounds  were  to  be  identified  by  x-ray 
diffraction  analysis. 

In  addition,  two  kgs  (4.4  lbs.)  of  Zyttrite-6  (zirconium  dioxide 
stablized  by  6  mole  percent  yttrium  oxide)  were  obtained  from  the  HTM  Company 
of  Cincinnati,  Ohio. 

Table  I  provides  chemical  analysis  for  the  as-received  silicon 
nitride  powder  as  determined  by  spectrochemical  and  wet  chemical  analysis. 

Except  for  the  iron  content  which  was  found  to  be  very  excessive,  the 
analysis  revealed  that  the  powder  as  supplied  was  within  specification.  The 
vendor  analysis  for  iron  indicated  a  content  of  0.17  percent. 

Since  the  powder  was  obtained  on  a  best  effort  basis,  there  was  no 
recourse  but  to  proceed  with  the  program  using  this  silicon  nitride.  (As 
it  turned  out,  filtering  the  powder  through  a  15  ^im  filter  did  significantly 
reduce  the  iron  content.) 

Particle  and  agglomerate  structure  analyses  were  performed  for  both 
the  silicon  nitride  and  zyttrite  powders.  Scanning  electron  microscopy 
revealed  a  characteristic  plate-like  particle  structure  for  the  silicon 
nitride,  with  particle  diameters  ranging  from  about  . 1  jim  to  .  9  Jim.  A 
Coulter  Counter  analysis  revealed  a  median  size  of  1.9  ^im  and  particulates 
ranging  up  to  about  25  ^im.  The  discrepancy  probably  results  from  the 
highly  agglomerated  nature  of  this  powder,  whereby  the  individual  particles 
were  not  entirely  dispersed  in  aqueous  or  alcoholic  media. 

Scanning  electron  microscopy  of  the  Zyttrite  powder  revealed  a  strongly 
agglomerated  structure  as  well.  The  agglomerates  ranged  from  0.1  to  1  yim 
in  diameter.  The  individual  crystallite  particles  were  closer  to  0.01  urn. 
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TABLE  I 


CHEMICAL  ANALYSIS 

OF  AS-RECEIVED  SILICON  NITRIDE 

POWDER 

Element 

Maximum  Permitted 
Concentration 
(wt.  7.) 

Concentration 
Determined 
(wt.  7.) 

Calcium 

0.04 

0.03 

Iron 

0.065 

0.39  +  .04 

Aluminum 

0.12 

0.085  +  .009 

Magnesium 

0.008 

.0008  +  .00C 

Sodium 

0.005 

*  0.001 

Potassium 

0.005 

*  0.001 

Carbon 

0.24 

0.28  +  .03 

Antimony 

- 

4.  0.003 

Manganese 

- 

0.001 

Nickel 

- 

±  0.01 

Chromium 

- 

0.02 

Cobalt 

- 

*  0.01 

Copper 

- 

0.02 

Oxygen 

1.6 

1.4 

Coulter  Counter  analysis  revealed  a  median  size  of  4.5  pm,  which 
again  was  a  measure  of  the  agglomerate  structure  which  ranged  to  about  25  pm 
as  well. 

Figures  1  and  2  are  scanning  electron  micrograph.-;  of  as-received 
silicon  nitride  and  Zyttrite  particulates . 

Surface  area  measurements  for  each  of  these  powders  reveal  17  m^/gm 
o 

for  Si3N4  and  60  m  /gm  for  the  Zyttrite.  X-ray  diffraction  analysis  of  the 
as-received  silicon  nitride  revealed  an  alpha  phase  content  of  87  wt.  % 
and  a  beta  phase  content  of  13%.  A  trace  of  silicon  oxynitride  phase  was 
also  noted.  No  other  phases  were  apparent  and  the  analysis  approximates 
that  given  for  the  9-5  lot  of  powder  used  in  the  earlier  program. 

Powder  Processing 

Classification 

Experiments  were  conducted  to  classify  the  silicon  nitride  powder  and 
to  separate  out  particles  larger  than  10  pm  in  diameter.  The  powder  is 
highly  agglomerated  and  difficulties  were  experienced  immediately  when  an 
Alpine  Air  Classifier  unit  was  employed. 

A  very  low  yield  of  £-YL  was  obtained  through  the  lOpim  filter  and 
this  was  improved  only  slightly  when  a  20  pm  filter  was  used.  A  reasonable 
yield  was  obtained  only  when  a  44pjm  filter  screen  was  employed.  In  view 
of  the  unacceptability  large  size  of  the  44  pm  filter,  it  was  decided  to 
study  the  effectiveness  of  a  liquid  dispersionf iltration  process. 

A  unit  similar  to  the  one  employed  by  D.J.  Shanefield  and  R.E.  Mistier 

2 

of  Western  Electric  Company  was  put  together  employing  an  electric  pump. 
Filter  cloth  was  obtained  from  the  Tedko  Co.  of  Elmsford,  New  York.  Filters 
with  10  pm,  15  pm  and  20  pm  openings  were  obtained  for  the  effort  and  each 
was  tried.  It  was  found  that  for  a  variety  of  pumping  speeds  and  solids 


Figure  1.  Scanning  Electron  Micrograph  of  As-Received 
Silicon  Nitride  Powder. 


30°  Tilt 


Figure  2 


Scanning  Electron  Micrograph  of  As-Received 
Zyttrite  Powder. 
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concentrations ,  a  significant  percentage  of  material  (^50%)  could  be 
made  to  pass  through  the  15  ^tm  filter.  A  very  much  lower  yield  was  obtained 
through  the  lO^im  filter  and  it  was  decided  to  continue  processing  the 
powder  through  the  15  yim  filter.  A  special  peristaltic  pump  was  then 
obtained  to  provide  the  proper  pumping  action  required. 

Both  alcohol  and  distilled  water  were  initially  employed  to  disperse 
the  powder  and  best  results  were  obtained  with  the  distilled  water.  A 
Coulter  Counter  analysis  was  performed  on  silicon  nitride  powder  that  had 
passed  through  the  15  pm  filter  set  up.  The  sample  was  sonified  and 
dispersed  in  an  anionic  wetting  agent  before  counting.  The  distribution 
appeared  to  be  bi-modal  with  the  larger  median  around  1.75  ^im  and  the 
smaller  below  0.8  ^im.  Approximately  2  percent  of  the  particles  showed  a  size 
between  15  and  20  um  and  these  probably  were  agglomerates  that  were  not 
broken  up  by  the  dispersion  process. 

A  comparison  of  Coulter  Counter  results  before  and  after  filtration 
of  the  silicon  nitride  revealed  that  the  5  percent  fraction  of  particulates 
in  the  20-25  ^im  range  was  eliminated.  Further,  a  bi-modal  size  distribution 
became  apparent  after  filtration,  which  was  not  evident  before,  where  the 
median  size  was  1.9  ^im.  Figure  3  is  a  scanning  electron  micrograph  of 
filtered  silicon  nitride  powder  and  reveals  a  uniform  agglomerate  structure. 

An  x-ray  diffraction  analysis  performed  on  filtered  silicon  nitride  powder 
revealed  no  significant  difference  from  the  unclassified  powder.  The  alpha 
phase  content  was  found  to  be  88  percent  and  the  beta  phase  content  was 
12  percent.  A  trace  line  for  silicon  oxynitride  was  somewhat  stronger  than 
for  the  unclassified  material. 

A  surface  area  measurement  for  the  filtered  silicon  nitride  powder 
showed  a  value  of  19  m^/gm,  or  about  10  percent  higher  than  the  unclassified 
powder . 
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Chemical  analyses  were  performed  on  silicon  nitride  powder  that  had 
passed  through  the  15  yum  filter  set-up  and  also  on  a  sample  of  milled 
207o  Zyttrite-807„  silicon  nitride  mix.  The  latter  was  taken  from  a  batch 
that  had  been  ball-milled  in  a  polyethylene  container  with  methyl  alcohol 
and  tungsten  carbide  balls  for  a  time  period  of  16  hours.  The  results  are 
provided  in  Table  II  and  are  compared  with  earlier  analyses  on  the  as- 
received  silicon  nitride  powder. 

Filtering  through  the  15  pm  filter  appears  to  reduce  the  iron  concentration 
to  within  300  ppm  of  the  specification  level.  Aside  from  an  increase  in 
oxygen  content,  no  significant  increase  in  other  impurity  was  detected.  In 
fact,  a  slight  decrease  in  a  number  of  impurities  was  observed.  The  ball- 
milled  batch  shows  a  significant  pick-up  of  tungsten  and  nickel  content, 
i.e.,  better  than  a  factor  of  six  times.  The  tungsten  concentration  is 
still  low  overall  at  no  more  than  100  ppm,  but  the  nickel  concentration  now 
has  approached  the  iron  content.  The  source  of  the  conaminant  is  undoubtedly 
the  nickel-bonded  tungsten  carbide  grinding  media.  To  reduce  the  degree  of 
contamination,  the  milling  time  was  reduced  by  one-half  in  future  batch 
preparations.  Oxygen  content  was  increased  as  a  result  of  filtering  and 
drying,  but  the  level  was  not  considered  excessive.  Carbon  content  appeared 
to  have  remained  steady  throughout  the  particulate  processing  cycle.  With 
the  exception  of  the  iron  and  oxygen  analyses,  there  was  reasonable 
compatibility  in  the  analytical  determinations  obtained  by  the  different 
laboratories . 

Batch  Preparation 


Silicon  nitride-zyttrite  mixtures  were  blended  by  ball  milling  in 
polyethylene  containers  with  tungsten  carbide  balls.  Powder  batches  of 
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approximately  250-300  gms  were  wet-milled  with  methyl  alcohol  disperant. 
Initial  milling  time  was  16  hours,  but  this  was  changed  to  8  hours  to  reduce 
the  nickel  contaminant  from  0.060  percent  to  .035  percent.  The  wet 
mixtures  were  oven-dried  below  100°C  and  the  dried  crust  broken  up  with 
spatulas  prior  to  loading  into  graphite  dies  for  hot  pressing. 

Scanning  electron  micrographs  for  each  of  the  four  silicon  nitride- 
zyttrite  compositions  as  blended  powders  are  provided  in  Figures  4-7  and 
each  micrograph  reveals  rather  uniform  agglomerate  size  of  less  than  five 
microns. 

Billet  Fabrication 

Dense  samples  of  the  various  silicon  nitr ide- zyttrite  compositions  were 
prepared  by  unidirectional  hot  pressing  techniques  employing  graphite  dies. 

The  conditions  and  results  are  reported  in  Table  III.  The  billet  size  was 
5.08  cm  x  5.08  cm  x  1.27  cm  (2"  x  2"  x  1/2"). 

These  billets  were  used  as  stock  material  for  the  preparation  of  bend 
test  specimens. 

Billet  1959  and  1960  were  fabricated  later  on  in  the  program  as 
stock  material  for  bend  stress  rupture  testing,  when  it  was  determined 
that  the  10  and  20  wt.  percent  zyttrite  compositions  appeared  most  promising 
for  follow-up  testing. 

Densification  time  plots  for  particular  billets  are  provided  in  Figure  8. 

Overall,  the  densification  kinetics  for  the  four  zyttrite  containing 
compositions  are  similar.  But,  the  initial  slope  of  the  1800°C  isothermal 
range  part  of  the  plots  show  densification  rate  to  increase  with  increasing 
zyttrite  concentrations.  Approximately  15  percent  of  the  preform  porosity 
was  removed  during  the  initial  stage  to  1800°C;  at  1800°C,  approximately 
30  minutes  or  less  was  required  to  reach  about  37.  residual  porosity  (closed 
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Figure  4.  Scanning  Electron  Micrograph  of  Blended 

Silicon  Nitride-10  Wt.  %  Zyttrite  Powder. 


Figure  5.  Scanning  Electron  Micrograph  of  Blended 

Silicon  Nitride-15  Wt.  7„  Zyttrite  Powder. 


Figure  6.  Scanning  Electron  Micrograph  of  Blended 

Silicon  Nitride-20  Wt .  7»  Zyttrite  Powder. 


Figure  7.  Scanning  Electron  Micrograph  of  Blended 

Silicon  Nitride-25  Wt.  7,  Zyttrite  Powder. 


■MMi 


-15- 


pore  region)  and  approximately  another  hour  was  required  to  reach 
essentially  full  densification. 

Billets  1963  and  1964  were  first  prepared  as  undersized  preforms  by 
hot  pressing  at  1750°C  and  4000  psi  and  then  forged  in  a  2  1/2"  x  2  1/4" 
cavity  die  at  1800°C  and  4000  psi.  The  thickness  of  the  preform  billet  1963 
(20%  zyttrite)  was  reduced  from  1.004  cm  (0.395  in.)  to  0.635  cm  (0.275  in.) 
and  the  final  density  was  3.54  g/cc.  The  thickness  of  the  preform  billet 
1964  (10%  zyttrite)  was  reduced  from  1.27  cm  (0.50  in.)  to  0.889  cm  (0.35  in.) 
and  the  final  density  was  3.25  g/cc. 

Billets  1965  and  1981  were  heat-treated  after  hot  pressing  to  enlarge 
the  grain  structure.  This  was  performed  at  1850°C  for  8  hours  in  a  graphite 
furnace  with  flowing  nitrogen  gas. 

Fabricated  Billet  Examination 

Microscopy 

Polished  section  photomicrographs  are  shown  in  Figures  9  to  12  for 
billets  1936,  1937,  1938,  1939  and  1940.  These  sections  were  taken  parallel 
to  the  direction  of  pressing  and  were  representative  of  each  billet 
cross-section. 

In  general,  the  figures  show  dense  microstructure  with  little  or 
no  apparent  porosity.  A  high  index  of  refraction  iron  silicide  phase 
appears  common  in  each  billet  with  particle  diameters  largely  in  the  1 ^im 
range  and  a  few  particles  up  to  5  ^im  in  diameter.  A  zirconium  oxynitride 
phase  appears  as  the  light  gray  phase  (readily  apparent  in  Figure  10  - 
Billet  1938  -  15  percent  zyttrite)  in  a  darker  gray  matrix  of  silicon 
nitride.  The  phase  darker  than  the  matrix  in  Figure  9  is  porosity  and 
in  Figures  11  and  12  is  probably  silicon  oxynitride. 


Microphotograph  of  Cross-Section  of 
Billet  1937  (10%  Zyttrite  Additive) 


Microphotograph  of  Cross-Section  of 
Billet  1938  (15%  Zyttrite  Additive) 


Figure  10 


Figure  11.  Microphotograph  of  Cross-Section  of  Billet  1936 
(207o  Zyttrite  Additive). 
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Figure  12 


Microphotograph  of  Cross-Section  of  Billet  1939 
(257<>  Zyttrite  Additive). 


-18- 


A  probe  scan  was  performed  on  a  zyttrlte  containing  sample  to  verify 
zirconium  content  in  the  predominant  second  phase  that  appears  in  polished 
section  micrographs.  Figure  13  provides  an  SEM  of  a  polished  section  taken 
from  Billet  No.  1942  (25  percent  zyttrite  additive).  The  light  colored  phase 
and  the  darker  matrix  were  spot  scanned  for  predominant  chemistry  and 
the  results  reveal  silicon  to  be  the  dominant  element  in  the  matrix  zone 
and  zirconium,  the  dominant  element  in  the  lighter  colored  phase  (arrows 
point  to  the  two  zones  at  which  the  analyses  were  performed  in  Figure  13) . 

Two  billets  of  Norton  NC-132  silicon  nitride  were  obtained  as  one 
lot  for  purposes  of  comparative  evaluation.  Their  dimensions  were  5.1  cm  x 
5.1  cm  x  1.27  cm  thick.  One  billet  was  sectioned  for  microstructure 
examination  and  polished  section  photomicrographs  are  shown  in  Figures  14a 
and  14b.  Figure  14  which  shows  surface  sections  parallel  and  perpendicular 
to  the  direction  of  pressing  reveals  no  particular  microstructure  variation 
as  a  result  of  direction.  The  structure  appears  very  dense  (billet  density 
of  3.2  g/cc  and  exhibits  a  relatively  uniform  distribution  of  an  iron 
silicide  phase  and  a  silicon  oxynitride  phase  which  is  darker  than  the 
matrix.  In  general,  the  size  of  the  silicide  phase  approaches  but  is  smaller 
than  the  size  of  the  oxynitride  phase.  This  is  observed  better  at  higher 
magnification  as  shown  in  Figure  15.  In  the  field  of  view  there  is  an 
occasional  large  inclusion  particle  of  iron  silicide  as  revealed  in  Figure  15b. 
The  structure  otherwise  appears  well-densif led  and  quite  uniform  in  phase 
distribution  and  phase  size.  Also,  the  iron  silicide  particle  size  in 
the  NC-132  materials  appears  considerably  smaller  than  for  any  of  the 
zyttrite-silicon  nitride  compositions. 
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PL.  6138-3  4000X 

Figure  13.  SEM  of  Polished  Section  of  Sample  from  Billet  1942 
(25%  Zyttrite  Additive)  used  in  Spot  Scan  Analysis. 
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Perpendicular  to  Hot  Pressing  Direction 


Parallel  to  Hot  Pressing  Direction 


Photomicrographs  of  Cross-Section  of  Billet 
of  Norton  NC-132  Grade  Silicon  Nitride. 


Figure  14 
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General  Structure 


1000X 


Selected  Area  Showing  Large  Second  Phase  Inclusion  Particle 


Photomicrographs  of  Cross-Section  of  Billet  of 
NC-132  Silicon  Nitride  (higher  mag.  -  1000X) . 
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X-ray  Examination 

Norton  NC-132 

The  surface  normal  to  the  pressing  direction  of  an  NC-132  sample  was 
directly  examined  with  CuK  0\  radiation  without  grinding  into  a  powder. 

The  values  for  2  0  for  the  diffraction  maxima,  the  interplanar  spacing,  d, 
computed  from  Bragg's  Law  and  the  observed  peak  intensity  (100  =  500 
counts/sec)  were  recorded.  The  pattern  was  explained  in  terms  of  three 
phases: 

0  -Si^N^  (major),  C'j'-S^N^  and  Si20N2-  The  agreement  between  the 
interplanar  spacing  and  that  reported  in  the  standard  patterns  was  excellent. 

In  addition,  an  inverse  pole- figure  analysis  of  texture  in  the  sample 
plane  perpendicular  to  the  pressing  direction  was  performed  for  the 
^-SijN^  component  of  an  NC-132  sample.  Comparison  of  the  intensity  for 
a  consolidated  microstructure  with  that  of  a  random  standard  powder  of  the 
same  material  gives  the  relative  orientation  ("times  random")  of  plane 
normals  relative  to  a  surface  of  interest.  The  ratios  may  be  plotted  on  a 
stereographic  projection  to  provide  an  "inverse  pole  figure". 

Details  of  the  inverse  pole  figure  analysis  are  provided  in  Appendix  I. 
The  results  showed  the  NC-132  sample  had  an  essentially  random  texture. 
Silicon  Nitride-Zyttrite  Compositions 
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TABLE  IV 

X-RAY  ANALYSIS  OF  SI-»N/, -ZYTTRITE  COMPOSITIONS 


Billet 

Composition 

X-rav  Diffraction  Analysis 

1937 

10%  Zyttrite 
addition 

Primary  phase  is  $ Si3N4,  no 

C 7^  phase,  and  10  to  15%  of 
zirconium  oxynitride  phase  and 
about  5-10%  silicon  oxynitride 
phase  (Si20N2>. 

1938 

15%  Zyttrite 
addition 

Primary  phase  is  Q  Si»N, ,  no 

phase,  and  about  20%  of  zirconium 
oxynitride  phase  and  5-10%  of 
silicon  oxynitride  phase. 

1936 

20%  Zyttrite 
addition 

Primary  phase  is  $ SIoNa,  no 
phase,  about  20  to  30%  of 
zirconium  oxynitride  phase  and 
about  10%  of  silicon  oxynitride  phase. 

1939 

25%  Zyttrite 
addition 

Primary  phase  is  $ Si3N4,  no 
phase,  also  about  25  to  35%  of 
zirconium  oxynitride  phase  Zr02  -->vN&v /•» 
(where  0.25  4s  x  4z.  0.43)  as 
well  as  about  10%  of  silicon  oxy¬ 
nitride  phase. 
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Materlals  Evaluation 

General 

This  portion  of  the  program  was  concerned  with  an  evaluation  of  the 
as-pressed  billets  and  heat-treated,  press-forged  materials  described  in 
an  earlier  section.  In  addition,  for  comparison  purposes,  Norton  Company's 
high  purity  silicon  nitride  composition  NC-132  was  also  evaluated  in  terms 
of  short  term  transverse  bend  strength  tests,  bend  stress  rupture  tests, 
bend  creep  tests  and  tensile  stress  rupture  tests. 

Transverse  Bend  Strength 

Short  term  4-point  bend  tests  were  performed  in  air  at  temperatures  up 
to  1370°C  on  specimens  4.45  cm  x  0.51  cm  x  0.25  cm  (1  3/4"  x  .200"  x  .100") 
with  an  outer  knife  edge  span  of  3.81  cm  (1.50")  and  an  inner  knife  edge 
span  of  1.27  cm  (0.50")  to  ensure  elastic  bend  conditions.  A  constant 
load  rate  was  set  to  provide  a  nominal  strain  rate  of  about  10-4  sec-’'-. 

The  results  for  all  the  fabricated  materials  and  for  the  NC-132 

% 

material  are  documented  in  Table  V ,  and  reveal  the  effects  of 
compositional  and  temperature  variations. 

The  results  show  significantly  lower  low  temperature  strengths  for 
the  zyttrite  containing  samples  as  compared  to  NC-132  material.  In 
particular,  the  average  strength  at  room  temperature  for  each  zyttrite 
containing  composition  is  approximately  one-third  lower  than  NC-132.  This 
difference  decreases  with  increasing  temperature  until  at  1200°C  there  is 
reasonable  equivalence  between  the  10,  20  and  25  wt.  %  zyttrite  compositions 
and  NC-132.  It  is  at  1370°C,  however,  where  the  zyttrite  containing 
compositions  are  superior  (the  10  and  20  wt.  %  zyttrite  compositions  show 
strengths  as  much  as  double  the  NC-132  strengths). 

The  data  are  plotted  as  a  function  of  temperature  in  Figure  16. 


Billet  Materials  &  Additives  Rm.  Temp.  1000  C  (1832  F)  1100  C  (2010  F)  1200  C  (2192°F)  1370°C  (2498 
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The  relatively  low  strengths  observed  below  1200°C  may  result  from  a 
number  of  possibilities  as  revealed  from  inspection  of  room  temperature 
fracture  faces  of  NC-132  and  10%  zyttrite  additive  samples.  Figures  17 
and  18.  Both  structures  appear  to  be  composed  of  a  duplex  array  of  grain 
sizes,  i.e.,  a  small  size  and  a  larger  size.  The  small  size  grains  for 
the  NC-132  sample  are  approximately  0.3  ^jm  and  the  larger  size  grains  are 
around  2  jim.  In  comparison,  the  small  size  grains  for  Billet  1937  material 
are  0.5  to  0.8  ^im  in  size  and  the  larger  grains  go  to  about  3  yrn.  Also,  the 
grains  in  the  zyttrite-containing  sample  show  a  more  equiaxed  structure. 

Additional  scanning  electron  microscopy  evaluation  of  flaw  sources 
was  performed  on  R.T.  test  bars  of  Billets  1938,  1939,  1940  as  well  as  1937. 
In  addition,  an  EDAX  attachment  to  the  microscope  permitted  qualitative 
chemical  element  determination  down  to  the  atomic  number  of  sodium.  The 
samples  were  coated  with  gold  to  prevent  charging  because  silicon  nitride  is 
an  insulator.  Since  the  lines  for  gold  overlapped  those  for  zirconium,  the 
sensitivity  to  zirconium  was  not  as  good  as  desired.  Later,  nickel  coatings 
were  employed  at  the  expense  of  detail  because  of  nickel  oxidation. 

Figure  19  shows  a  micrograph  of  the  fracture  face  of  a  RT  test  bar 
of  Billet  1937,  which  features  a  large  grain  in  the  internal  structure  which 
is  rich  in  zirconium  content  and  also  showed  molybdenum  as  a  contaminating 
phase.  A  small  number  of  these  large  particulates  were  found  scattered 
throughout  the  fracture  face. 

Figure  20  shows  a  micrograph  of  the  fracture  face  of  a  RT  test  bar 
of  Billet  1938,  which  also  shows  a  zone  of  large  grains  identified  as 
being  rich  in  zirconium  content. 
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Figure  18.  Scanning  Electron  Micrograph  of  Fracture  Face 
of  R.T.  Bend  Test  Bar  of  Billet  1937  Material 
(107o  Zyttrite  Additive). 
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1937-2  2900X 

Figure  19.  Scanning  Electron  Micrograph  of  Fracture 
Face  of  R.T.  Bend  Test  Bar  of  Billet  1937 
Material  (10%  Zyttrite  Additive)  Featuring 
Large  Grain  with  Zirconium  and  Molybdenum  Content. 
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Figure  20.  Scanning  Electron  Micrograph  of  Fracture  Face 
of  R.T.  Bend  Test  Bar  of  Billet  1938  Material 
(15%  Zyttrite  Additive)  Featuring  Zone  of  Large 
Grains  Identified  as  Being  Rich  in  Zirconium. 
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Figure  21  shows  a  micrograph  of  the  fracture  face  of  a  RT  test  bar 
of  Billet  1940  also  revealing  what  appears  to  be  a  larger  than  average  grain 
containing  zirconiun  near  the  tensile  edge. 

Figure  22  also  shows  a  similar  micrograph  of  a  fracture  face  of  a  RT 
test  bar  of  Billet  1939  revealing  a  zone  of  much  larger  than  average  grains 
rich  in  zirconium  content.  It  is  likely  that  these  grains  are  the  zirconium 
oxynitride  phase  identified  previously  in  polished  section  micrographs.  The 
fact  that  some  of  this  phase  is  in  the  form  of  such  large  grains  may  be 
important  in  hindering  the  achievement  of  higher  bend  strengths. 

Overall,  however,  the  EDAX  measurements  revealed  that  the  microstructure 
and  chemistry  was  rather  uniform.  In  traverses  across  the  microstructure 
of  the  different  test  bar  fracture  faces,  the  silicon  peak  was  always 
greater  than  the  gold-zirconium  peak  and  there  was  never  a  large  variation 
in  the  ratio  of  the  silicon  peak  to  gold-zirconium.  This  indicates  a  rather 
uniform  distribution  of  two  principal  elements  in  the  structures. 

Auger  spectroscopy  determinations  were  not  very  enlightening.  This 
technique  measures  the  composition  of  the  first  few  atom  layers,  so  the 
samples  could  not  be  coated  prior  to  analysis.  The  samples  were  previously 
notched  (saw-cut  about  30%  through  the  thickness)  cleaned,  then  fractured 
in  air  immediately  before  loading  in  the  vacuum  chamber.  Thus,  a  nearly 
clean  fracture  surface  was  provided  for  examination. 

In  principal,  the  Auger  unit  beam  size  can  be  reduced  to  about 


1/4  ^im.  However,  the  uncoated  samples  became  so  badly  charged  that  SEM 
pictures  with  any  resolution  could  not  be  obtained  and  detailed  analyses 
were  not  possible.  Basically,  the  elements  Si,  N,  0  and  C  were  observed  in 


1940-6  8300X 

Figure  21.  Scanning  Electron  Micrograph  of  Fracture  Face 
of  R.T.  Bend  Test  Bar  of  Billet  1940  Material 
(207o  Zyttrite)  Showing  a  Larger  than  Average 
Grain  Containing  Zirconium. 
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the  various  samples.  The  C  content  was  measured  lower  after  sputtering 
or  long  pumpting  time  and,  therefore,  was  mostly  (or  all)  contamination  from 
vapor  in  the  vacuum  chamber.  Some  oxygen  could  also  be  adsorbed  from 
the  atmosphere.  Information  on  spatial  distribution  was  not  attainable.  The 
ratios  of  the  0:Si:N  peaks  appeared  uniform  from  comparing  the  various 
samples.  Zirconium  was  only  barely  detectable  (one  small  peak  and  the 
other  major  peak  not  evident  in  background).  The  one  zirconium  peak 
qualitatively  increased  going  from  10% ->  15%  — ^  20%  — >  25%. 

The  NC-132  sample  shows  a  significant  population  of  elongated  grains 
that  are  characteristic  for  this  material.  Intergranular  fracture  of  a 
material  containing  elongated  grains  can  lead  to  a  much  rougher  surface  with  a 
higher  specific  surface  area  relative  to  an  equiaxed  microstructure.  Thus, 
the  more  irregular  fracture  surface  topography  of  the  material  containing 
the  elongated  grain  structure  may  be  one  reason  for  its  higher  fracture  energy. 

At  high  temperatures,  e.g.,  1370°C,  however,  fracture  behavior  for  these 
materials  appears  dominated  by  the  nature  of  intergranular  chemistry  and/or 
phases.  The  data  for  the  current  program  support  the  findings  of  the 
previous  effort,  that  the  zyttrite  additive  has  a  positive  effect  in 
substantially  raising  the  high  temperature  strength  of  silicon  nitride.  In 
substituting  a  zirconium  oxynitride  phase  for  a  silicate  phase  containing 
magnesium  as  often  used  for  silicon  nitride  densif ication  purposes,  a  more 
refractory  material  less  likely  to  exhibit  liquid  formation  has  been 
positioned  as  a  discreet  phase  as  well  as  intergranular ly  in  the  silicon 
nitride  microstructure.  The  failure  mechanism  at  such  temperatures  has 
become  as  much,  if  not  more,  a  function  of  intergranular  phase  characteristics 
than  silicon  nitride  morphology.  In  this  instance,  at  1370°C  the  bend 


strengths  of  the  10  and  20  wt.  %  zyttrite-containing  samples  are  approximately 
double  that  of  the  NC-132  samples.  It  is  not  clear  why  the  15  and  25  wt.  % 
zyttrite-containing  samples  did  not  perform  as  well.  Forged  zyttrite- 
containing  samples  did  not  show  the  promise  originally  anticipated  as  the 
room  temperature  and  1370°C  data  for  samples  from  Billet  1963  and  1964  show 
no  improvement  over  samples  not  forged.  It  was  anticipated  that  a  preferred 
orientation  of  the  plate-like  matrix  grains  of  silicon  nitride  could  provide 
enhanced  strengthening. 

Figures  23  and  24  are  scanning  electron  micrographs  at  5000X  of  RT 
fracture  faces  for  each  of  these  forged  compositions.  Grain  enlargement 
based  on  average  grain  size  measurement  (10%  zyttrite  additive)  is  observed 
in  Billet  1964  with  some  texture  apparent  in  Billet  1963  (20%  zyttrite 
additive).  Polished  section  micrographs  of  samples  from  Billets  1964  and 
1963  are  given  in  Figures  25  and  26.  Scattered  concentrations  of  large 
grain  size  zirconium  oxynitride  phase  appear  in  the  microstructure  of 
Figure  25.  In  Figure  26,  a  small  amount  of  porosity  is  evident  (estimated 
at  about  2%) . 

Post-heat  treatment  to  enlarge  grains  further  was  carried  out  in  the 
case  of  Billet  1965  (20%  zyttrite  additive)  and  Billet  1981  (10%  zyttrite 
additive).  It  was  considered  that  the  enlarged  grain  size  might  further 
improve  the  high  temperature  strength.  However,  the  results  demonstrate  a 
reduction  in  strength  in  both  test  temperatures,  possibly  from  expansion 
anisotropy  of  the  various  phases. 

The  microstructures  for  each  of  these  billets  is  depicted  in  Figures 
27  and  28.  The  average  grain  sizes  for  both  samples  was  4-6  jim. 

Polished  section  micrographs  of  a  cross-section  of  Billets  1965  and 


1981  are  given  in  Figures  29  and  30. 


Figure  23.  Scanning  Electron  Micrograph  of  Fracture 

Surface  of  R.T.  Bend  Test  Bar  from  Billet  1963 
(Forged  20  Wt.  %  Zyttrite  Additive). 
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1400X 

Figure  25.  Polished  Section  Micrograph  of  Sample  Cross- 
Section  from  Forged  Billet  1964. 


1800X 

Polished  Section  Micrograph  of  Sample  Cross- 
Section  from  Forged  Billet  1963. 


Figure  26. 
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Figure  27.  Scanning  Electron  Micrograph  of  Fracture  Surface 
of  R.T.  Bend  Test  Bar  from  Billet  1965  (Post-heat 
Treated,  20  Wt.  °L  Zyttrite  Additive). 


Figure  28.  Scanning  Electron  Micrograph  of  Fracture  Surface 
of  R.T.  Bend  Test  Bar  from  Billet  1981  (Post-heat 
Treated,  10  Wt.  %  Zyttrite). 


Polished  Section  Micrograph  of  Cross-Section  of 
Sample  from  Billet  1965  Showing  Granular 
Development  of  Zirconium  Oxynitride  Phase. 


1000X 
Figure  30 


Polished  Section  Micrograph  of  Cross-Section 
of  Sample  From  Billet  1981. 


On  the  basis  of  the  overall  bend  test  data,  it  was  decided  to 


select  the  10  and  20  wt.  %  zyttrite  compositions  for  further  evaluation 
in  bend  stress  rupture  and  best  creep  testing. 

Bend  Stress  Rupture  Evaluation 

Testing  was  conducted  in  air  under  a  4-point  bending  mode  using  silicon 
carbide  for  knife  edge  fixtures.  The  test  specimen  dimensions  were 
4.45  cm  x  0.51  cm  x  0.25  cm  (1  3/4"  x  0.100"  x  0.200")  with  an  outer  span 
of  3.81  cm  (1.500")  and  an  inner  span  of  1.27  cm  (0.500").  A  predetermined 
load  was  applied  smoothly  in  a  few  seconds  with  a  cam  actuator  on  the  load 
bearing  lever  arm.  A  cut-off  switch  clock  circuit  connected  to  the  lever 
arm  was  utilized  to  detect  and  record  failure. 

The  results  were  determined  using  the  elastic  beam  formula: 

<r  = 

where  =  transverse  rupture  strength  in  psi, 

P  =  load  in  pounds  required  to  fracture, 
b  =  specimen  width  in  inches  and, 
h  =  specimen  thickness  in  inches 

For  a  dead  load  test  where  plastic  deformation  occurs,  an  indication  of 
the  deviation  from  this  formula  can  be  obtained  from  the  approximate 
equation  for  the  steady-state  stress: 

-  -El?-  <2  +  "> 

where  m  is  the  strain  rate  sensitivity  exponent.  For  metals,  m  is  typically 
0.2  to  0.3  so  the  stress  will  drop  from  its  initial  value  to  a  value  near 
that  given  by  the  above  equation.  For  ceramics,  m  is  typically  between 


3Pa 

b bT~ 
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0.5  and  1.0  so  that  there  is  often  only  a  small  difference  between  the  actual 
steady-state  stress  and  the  calculated  elastic  stress.  Cracking  and  cavitation, 
however,  will  invalidate  this  relation. 

The  bend  stress  rupture  results  are  tabulated  in  Table  VI  for  the  10  and 
20  wt.  °L  zyttrite  containing  compositions  and  for  NC-132  material.  They  are 
also  graphically  depicted  as  dotted  lines  in  Figures  31  to  33  to  reflect  no 
failure  in  many  cases.  The  results  show  a  strong  stress  sensitivity  for 
both  zyttrite  containing  compositions  at  the  276  MN/m2  (40  Kpsi)  level  with 
the  exception  of  the  test  conducted  at  1200°C  for  a  sample  from  Billet  I960 
(10%  zyttrite  additive).  This  sample  did  not  fail  at  the  end  of  110  hours  in 
contrast  to  the  two  samples  from  Billet  1959  (20%  zyttrite  additive)  which 
failed  at  the  end  of  3.9  and  13.7  hours.  The  NC-132  material  showed  similar 
stress  sensitivity  at  high  stress  levels,  but  deformed  readily  at  lower  stress 
and  intermediate  temperature.  Strain  measurements  were  performed  on  cool-down 
on  the  tested  samples  to  assess  relative  deformation  behavior  and  these 
data  are  given  in  Table  VI. 

Scanning  electron  micrographs  of  fracture  surfaces  of  ruptured  samples, 
in  general,  reveal  rather  extensive  grain  growth  of  corrosion  reaction 
products  (zirconium  and  silicon  oxides)  developed  during  cool-down  in  the 
air  atmosphere.  This  is  particularly  striking  when  oxidized  tensile 
surfaces  of  intact  specimens  are  examined  as  shown  in  Figures  34  and  35. 

Figure  34  shows  a  SEM  of  the  surface  of  an  NC-132  sample  exposed  at  1370°C 
under  8  Kpsi  for  101  hours.  The  reaction  product  surface  grain  size  is 
ten  times  that  of  the  NC-132  grain  size.  Figure  35  shows  a  SEM  of  the 
surface  of  a  sample  from  Billet  1959  exposed  at  1370°C  under  8  Kpsi  for 
160.8  hours.  It  shows  the  outline  of  a  thin-cracked  large  grain  reaction 
product  structure  apparently  superimposed  over  residual  fine-grain  Si3N4 


structure. 


TABLE  VI 


BEND 

STRESS  RUPTURE  RESULTS 

FOR  Si*,N/. 

Billet 

Material 

Temperature 
°C  °F 

MN/m2 

(Kpst) 

Time  To  Failure 
(Hours) 

1959 

AME  S^N^  thru  15  um 
plus  20  wt.  7„  Zyttrite-6 

1370  (2498) 

276 

(40) 

2.1 

1959 

" 

1370  (2498) 

172 

(25) 

171.8  -  did  not  fail; 
0.47%  strain 

1959 

" 

1370  (2498) 

55 

(8) 

160.8  -  did  not  fail; 
0.27%  strain 

1959 

M 

1285  (2345) 

276 

(40) 

9.0,  0.31%  strain 

1959 

•• 

1285  (2345) 

172 

(25) 

150  -  did  not  fail; 

0.35%  strain 

1959 

ii 

1285  (2498) 

55 

(3) 

148.3  hrs.  -  did  not  fail 

1959 

ii 

1200  (2192) 

276 

(40) 

3.9,  .13%  strain 

1959 

ii 

1200  (2192) 

276 

(40) 

13.65,  .11%  strain 

1959 

ii 

1200  (2192) 

172 

(25) 

132.1  hrs.  -  did  not 
fail;  .23%  strain 

1960 

AME  SioN^  thru  15  um 
plus  10  wt.  %  Zyttrite-6 

1370  (2498) 

276 

(40) 

0.47 

1960 

it 

1370  (2498) 

172 

(25) 

110.5  -  did  not  fail; 

.27%  strain 

1960 

1370  (2498) 

55 

(8) 

161.7,  did  not  fail; 

0.06%  strain 

1960 

- 

1285  (2345) 

276 

(40) 

14.2  -  .24%  strain 

1960 

ii 

1285  (2345) 

172 

(25) 

180.2  -  did  not  fail; 

.25%  strain 

1960 

" 

1200  (2192) 

276 

(40) 

112  -  did  not  fail; 

.18%  strain 

1960 

ii 

1200  (2192) 

172 

(25) 

134.4  hrs.  -  did  not 
fail;  .19%  strain 

1960 

1285  (2345) 

55 

(8) 

127.2  hrs.  -  did  not 
fail 

NC- 132 

Norton  Co. 

1200  (2192) 

276 

(40) 

5.5,  .32%  strain 

NC-132 

ii 

1285  (2345) 

276 

(40) 

0.2 

NC-132 

1285  (2345) 

172 

(25) 

12.7  -  sample  did  not 
fail  by  fracture,  but 
defcrmed  extensively 
triggering  micro¬ 
switch,  1.53%  strain 

NC-132 

ii 

1200  (2192) 

172 

(25) 

145  hrs.  shutdown 
with  .637.  strain 

NC-t32 

ii 

1370  (2498) 

55 

(8) 

101  hrs.  -  2.57o  strain 

NC-132 

ii 

1370  (2498) 

276 

(40) 

Instant  failure 

NC-132 

- 

1370  (2498) 

172 

(25) 

0.1 

Figure  31 .  BEND  STRESS  RUPTURE  PLOTS  FOR  Si3N4  BILLET  1960  (10  W/O  ZYTTRITE  ADDITIVE)  BARS 


TIME  IN  HOURS 


STRESS  RUPTURE  POLTS  FOR  S13N4  BILLET  1959  (20  W/O  ZYTTRITE  ADDITIVE)  BARS 


IN  HOURS 


Figure  34.  Scanning  Electron  Micrograph  of  Oxidized 

Tensile  Surface  of  Intact  NC-132  Bend  Stress 
Rupture  Bar  after  101  Hours  at  1370°C  under  8  Kpsi 


Figure  35.  Scanning  Electron  Micrograph  of  Oxidized 

Tensile  Surface  of  Intact  Bend  Stress  Rupture 
Sample  from  Billet  1959.  (207„  Zyttrite  Additive) 
after  160.8  Hours  at  1370°C  under  8  Kpsi. 


I 
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Creep  in  Bending 

Creep  testing  in  bending  was  performed  with  an  evaluation  of  the 
Norton  NC-132  material  as  well  as  samples  from  Billet  1960  (10%  zyttrite 
additive)  at  a  test  temperature  of  1370°C.  Testing  was  conducted  in  air 
under  a  4-point  bending  mode  using  silicon  carbide  knife  edge  fixtures. 

The  specimen  dimensions  were  identical  to  those  for  specimens  used  in 
stress  rupture  testing  and  were  4.45  cm  x  0.51  cm  x  0.25  cm  (1  3/4"  x 
0.100"  x  0.200"). 

Alumina  loading  tubes  and  the  carbide  knife  edge  fixtures  are  employed 
in  a  constant  load  device.  Creep  strain  was  determined  with  center  point 
deflection  transmitted  by  a  sapphire  rod  to  an  LVDT  which  was  referenced  to 
the  knife  fixture  through  a  spring-loaded  support  tube.  Load  was  determined 
from  the  output  of  a  calibrated  load  cell  and  load  deflection  traces  were 
transmitted  to  x-y  recorders. 

Table  VII  provides  the  results  for  the  two  compositions  evaluated  at 

1370°C.  For  the  NC-132  material  at  stress  levels  above  172  MN/m^  (25,000  psi), 

no  significant  creep  strain  measurements  could  be  measured  because  of 

essentially  immediate  fracture.  The  value  of  1.3  x  10-6/s  for  a  load  of 

170  MN/m^  (24,700  psi)  is  apparently  anomalous  to  the  value  of  2.0  x  10“^</s 

for  a  load  of  128  MN/m^  (18,500  psi).  However,  this  may  result  from  a 

transient  creep  strain  phenomenon  caused  by  grain  boundary  liquid  in  NC-132 

material  at  this  temperature  being  squeezed  out  during  alternating  stress 

intervals,  i.e.,  one  specimen  provided  3  measurements  at  alternate  stress 

2 

levels.  A  second  sample  tested  at  170  MN/m  (24,700  psi)  provided  a  creep 
strain  rate  measurement  of  2.5  x  10-6/s. 

The  data  for  samples  from  Billet  1960  (10%  zyttrite  additive)  reveal 
rather  promising  creep  stability  for  this  class  of  material.  The  creep  rate 


r 


appears  to  be  at  least  2  orders  of  magnitude  less  than  for  NC-132. 

Creep  strains  were  recorded  at  loads  up  to  426  MN/m2  (61,800  psi).  The 
measured  creep  strain  rates  of  10-8  per  sec  were  really  beyond  the  precision 
limits  of  the  equipment  employed,  and  it  was  decided  to  perform  additional 
measurements  at  1450°C  where  more  deflection  was  anticipated.  In  this 
instance,  samples  from  Billet  1959  (20%  zyttrite  additive)  and  1960 
(10%  zyttrite  additive)  were  evaluated  along  with  NC-132  material.  The 
data  are  tabulated  in  Table  VIII.  Again,  the  creep  rate  for  the  zyttrite- 
containing  compositions  were  about  two  orders  of  magnitude  less  than  for 
the  NC-132  material. 

The  data  plotted  as  steady-state  strain  rate  vs.  log  stress  in  Figures 
36  and  37  indicate  a  low  exponent  for  the  relation  0  *  where  £  is 

the  strain  rate,  ^is  the  stress  and  I')  an  exponent  determining  process 
mechanism.  An  exponent  of  f)  2  usually  indicates  a  visco-elastic 
mechanism,  i.e.,  a  glassy  phase  diffusional  creep  or  grain  boundary  sliding. 
The  slopes  of  the  plots  in  Figure  36  is  approximately  2  and  it  is  likely  that 
the  deformation  mechanism  is  diffusional  creep  through  a  glassy  phase  or  grain 
boundary  sliding,  depending  on  the  viscosity  of  a  grain  boundary  glassy  phase. 
The  slope  of  about  4  for  the  bend  creep  plot  at  1370°C  (Figure  37)  probably 
reflect  cavitation  or  cracking  as  a  mechanism.  The  data  for  NC-132  appear 
consistent  with  that  reported  for  NC-132  type  material  in  the  literature.^ 

The  higher  viscosity  of  the  grain  boundary  phase  in  the  zyttrite-containing 
materials  probably  accounts  for  the  enhanced  creep  resistance.  In  addition, 
data  for  tensile  creep  tests  described  below  are  included  in  Figure  37 
for  discussion  in  the  next  section. 

Tensile  Stress  Rupture  Testing 

A  limited  number  of  tensile  stress  rupture  tests  were  performed  on  NC-132 


and  silicon  nitride-10%  zyttrite  additive  materials.  The  samples  were  of 


Figure  36 .  BEND  CREEP  STRAIN  RATE  VS.  STRESS  FOR  NC132  BARS  &  BARS  FROM  BILLETS  1959 
(20  W/O  ZYTTRITE  ADDITIVE)  &  1960  (10  W/O  ZYTTRITE  ADDITIVE) 


CREEP  STRAIN  RATE  VS.  STRESS  AT  1370°C  FOR  BEND  &  TENSILE  SPECIMENS  OF 
SILICON  NITRIDE  WITH  10  W/O  ZYTTRITE  ADDITIVE 
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cylindrical  dogbone  shape  10.16  cm  (4  inch)  in  total  length,  5.08  cm 
(2  inch)  gage  length,  0.58  cm  (0.23  inch)  gage  diameter. 

The  samples  were  tested  in  a  platinum  wire  tube  furnace  using  a 
Riehl  Creep  frame  unit  under  static  load  conditions.  The  high  temperature 
zone  of  the  furnace  allowed  uniform  heating  of  the  5.08  cm  (2  inch)  gage 
length  of  the  samples  in  an  air  atmosphere. 

The  silicon  nitride-107,  zyttrite  additive  test  bars  were  machined 
from  a  large  hot  pressed  billet  13.3  cm  (5  1/4  inch)  x  13.3  cm  (5  1/4  inch) 
x  1.27  cm  (1/2  inch  thick.  The  hot  press  conditions  duplicated  those  for 
the  smaller  billets  and  the  billet  density  was  measured  as  3.23  g/cc. 

The  NC-132  samples  were  cut  from  a  15.2  cm  (6  inch)  x  15.2  cm  (6  inch) 
x  1.59  cm  (.625  inch)  billet  obtained  from  the  Norton  Company. 

Table  IX  provides  the  results  of  the  tensile  stress  rupture  tests 
performed. 

.  The  results  appear  to  support  the  contention  that  values  of  tensile 

strength  measurements  for  ceramics  are  often  about  one-half  those  obtained 
in  bending.  This  is  believed  to  arise  from  the  larger  volume  of  material 
under  tension  in  tensile  testing.  At  any  rate,  the  data  reveal  again  the 
superiority  of  the  zyttrite  containing  composition  at  elevated  temperature. 
The  two  tensile  creep  strain  rate  numbers  calculated  from  strain  measurements 
of  the  10%  zyttrite  composition  at  1370°C  have  also  been  plotted  in  Figure  37 
and  it  is  interesting  to  note  that  if  the  applied  stresses  for  the  bend 
creep  plot  were  halved,  then  the  bend  creep  plot  would  be  approximately 
identical  to  the  tensile  creep  plot.  The  deformation  mechanism  in  either 
case  appears  the  same  and  with  the  high  slope  value  of  about  4,  must  ve 
associated  with  cavitation  or  microstructure  cracking. 


TENSILE  STRESS  RUPTURE  RESULTS  FOR  10%  ZYTTRITE- SILICON  NITRIDE 
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CONCLUSIONS 

Yttria-stabilized  zirconium  oxide  additons  to  high  purity  silicon 
nitride  improve  the  high  temperature  strength,  stress  rupture  and  creep 
properties  of  hot  pressed  samples  very  markedly. 

At  room  temperature,  however,  the  average  bend  strengths  of  the  four 
(4)  compositions  evaluated  are  each  about  one-third  lower  than  Norton  Company's 
NC-132  silicon  nitride  composition.  This  difference  decreases  with 
increasing  temperature  until  at  1200°C  there  is  reasonable  equivalence 
between  the  10,  20  and  25  wt.  %  zyttrite  compositions  and  NC-132  in  terms 
of  short-time  bend  strength  measurements. 

At  1370°C,  the  zyttrite  containing  compositions  (10  and  20  wt.  % 
additions)  show  short  time  bend  strengths  as  much  as  double  those  of 
the  NC-132  material. 

The  high  temperature  strength  appears  related  to  the  high  temperature 
stability  of  intergranular  or  grain  boundary  phases.  The  resulting  zirconium 
oxynitride  phase  in  zyttrite-containing  compositions  .appears  much  more 
refractory  than  a  counterpart  phase  in  NC-132  material. 

Bend  stress  rupture  results  for  10  and  20  wt.  %  zyttrite-containing 

2 

compositions  show  a  strong  stress  sensitivity  at  the  276  MN/m  (40  Kpsi) 
o 

level,  above  1200  C.  The  NC-132  material  shows  similar  stress  sensitivity 
at  high  stress  levels,  but  deforms  readily  at  lower  stress  and  intermediate 
temperatures.  At  a  stress  of  172  MN/m^  (25  Kpsi)  both  zyttrite  containing 
compositions  survived  well  over  100  hours  exposure  in  an  air  atmosphere 
with  less  than  0.5  percent  strain. 

Creep  in  bending  measurements  show  that  at  1370°C  the  creep  rate  for 
the  10%  zyttrite  additive  composition  is  at  least  two  orders  of  magnitude 
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less  than  for  NC-132.  At  1450°C,  the  observed  creep  rate  is  also  about 
two  orders  of  magnitude  lower  than  NC-132  material  for  both  10  and  20  wt.  % 
zyttrite  compositions. 

All  compositions  appear  to  follow  deformation  kinetics  related  to  a 
visco-elastic  mechanism,  i.e.,  glassy-phase  diffusional  creep  or  grain 
boundary  sliding. 

Tensile  stress-rupture  test  measurements  performed  on  10%  zyttrite 
and  NC-132  compositions  (5.08  cm  (2  inch))  gage  length,  (.58  cm  (.23  inch)) 
gage  diameter,  shows  values  approximately  one-half  those  obtained  in 
bending.  The  superiority  of  the  zyttrite-containing  composition  is 


consistent  in  these  tests. 
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APPENDIX  I 


The  diffraction  intensities  obtained  by  reflection  from  a  surface 
oriented  normal  to  the  pressing  direction  of  Norton  Company  NC-132  silicon 
nitride  was  recorded  in  Table  A-l.  Those  maxima  belonging  to  the  -SijN^ 
component  have  been  extracted  and  are  summarized  in  Table  V.  A  portion  of 
this  sample  was  pulverized  in  a  PICA  blender  mill  and  used  to  prepare  a 
diffraction  pattern  for  a  randomly  oriented  powder.  The  general  agreement 
with  the  standard  powder  diffraction  pattern,  Table  A-l,  supports  the 
assumption  that  the  orientation  of  grains  in  the  powder  is  random.  As  the 
peak  widths  in  the  consolidated  NC-132  and  the  powder  are  identical,  peak 
heights  rather  than  integrated  intensities  were  compared. 

The  ratio  of  the  intensity  of  the  consolidated  sample  to  that  of  the 
random  powder,  I/Irandom»  *-s  presented  for  each  set  of  diffracting  planes  in 
the  last  column  of  Table  A-2.  The  texture  is  extremely  weak  and  virtually 
non-existent:  The  "times  random"  orientation  ranges  from  a  minimum  of 

0.40  to  a  maximum  of  1.36.  The  extreme  values  are,  for  the  most  part, 
obtained  for  the  weak  intensities  with  large  uncertainties. 

To  minimize  the  effect  of  uncertainty  in  the  measurement  of  intensity, 
those  intensities  which  were  greater  than  207,  of  the  maximum  intensity  in 
the  pattern,  1(210),  were  extracted  from  Table  A-l. 


■"■^random 


100 

0.80 

110 

1.00 

200 

1.05 

101 

1.23 

210 

1 

301 

0.92 

321 

1.25 

411 

1.04 

X-RAY  DIFFRACTION  ANALYSIS  OF  PHASES  PRESENT  IN  NORTON  NC  132  TEST  BAR 


m 

m 

H 

«3 

u 

co 

in 

«r4 

00 

JZ 

i 

JZ 

« 

r* 

s 

St 

r-4 

6 

M 

c 

■e 

O 

C 

o 

A 

X 

4» 

sz 

CO 

CO 

4J 

u 

St 

E 

U 

u 

CO 

M 

9 

o 

• 

0* 

00 

M 

A 

N 

«o 

CM 

£> 

M 

z 

« 

o 

A 

•o 

CM 

CO 

c 

•H 

n* 

« 

C/5 

St 

o< 

4-> 

CO 

in 

*o 

il 

8  8 

<M  *-• 


o  CM 

St  •-*  CM 

O  CM 


r-«  X 

<0  JZ 

C  CO 

O  <M 

00  s£> 

<0  • 

X  i n  > 

u>  It  « 

•X  u  £ 


O  — •  CM 

O  O  O 

CM  CM  O 


^  oo 

•o  Z  iO 


•-4  CM  O 

^  o 

n  h  co 


ooo 

so 


•o 

to 

CO 

CO 

O' 

O  CM 

*3 

00 

CO 

n- 

c 

i 

II 

/**S  | 

CM 

00 

r-* 

O' 

CM 

O' 

*3 

CM  —t 

St 

m 

00 

co 

<0 

<0 

CX  i 

CO 

00 

CO 

00 

00 

in 

m 

CO  CO 

CM 

H 

o 

O' 

y 

• 

• 

• 

• 

• 

• 

• 

•  • 

• 

• 

• 

• 

c/i 

o 

TJ  | 

St 

CO 

CO 

CM 

CM 

CM 

CM 

CM  CM 

CM 

CM 

CM 

r—i 

CM  r-<  O  <  X 

•  <0  -C 

ON  c  O' 

o  o 

ECO  O' 

<0  •  X 

Q>  X  CM  cy 

U  41  II  E 

u  X  O  M 
<0  \ 

Pm  St  •*  »-4 

z:  ro 

•V  CO  o 

V4  >© 


o  — * 

r*4  *-4 

CM  *»l 


C/5 

1 

• 

00 

CM 

CM 

o 

-3 

CM 

r-s 

CO 

CM 

H 

\o 

O' 

H 

00 

o 

O' 

CO* 

n 

CX 

\D 

00 

CO 

sO 

<f 

CO 

H 

O' 

oo 

<y 

• 

• 

• 

• 

03 

%o 

CO 

CO 

CM 

CM 

CM 

CM 

r-4 

H 

52 

m 

m 

00 

m 

o 

CO 

s£> 

o 

•  o 

• 

• 

CM 

O'  o 

CM 

00 

o 

CM 

00 

vO 

•*4 

C/5 

s-<» 

r^  r^ 

m 

CM 

00 

CM 

O' 

*3 

Z 

co 

CM 

o 

CM 

O 

r^ 

CM 

O 

r-4 

CM 

C/5 

1 

• 

• 

• 

• 

• 

• 

• 

• 

m 

O 

o 

CM 

o 

CM 

r-4 

sO 

V 

sO 

co 

vO 

St 

O' 

o 

St 

CO 

CO 

CM 

JC/5  I  vO 


CO  COOOfOvO  CO  CMCOCMcOsfCMmrO  O'  *— •  vO  O 

•  ••••  •  •*••••••  •••  • 

O'  n  h  vO  o  ^  \00'»s'<fc0'00'O  m  co  cm  m 

*-<  r-t  CO  i-H  tM  f-4  ^ 


co  so  co  in  cm  o 

•  •  •  •  •  «  • 

st  vO  co  m  co  cm 


so  cm  co  co  NO'st'OincMoO'O  o  co  r** 

<t  N  00  H  i0O'OOcO<t'0O'COCMO'OO<-4 

^  o  oo  co  cocMOooon*voinin  m^ro  m 


o  f'  «t  N  00  M  v£>  O'  00 

»£>  VO  O  CO  CO  CO  CM  00 

•  •»•••  ••• 

NO  St  St  >1  CO  CO  CO  CO  CM 


co  f*  m  oo  o 

co  oo  m  o  oo 

CM  r-4  •— I  H  O 


00  CM  CO 
CO  o  O' 
O'  O'  00 


St'OCOCO  CO  CO  CM  CM  CM  CM  CM  CM  N  CM  N  CM 

/"*  m  o  *o  NnHinNNNO  n  cm  ^  oo 

O'  in  o'  n  sfOOmvovomst  «o  o  vo  O' 

•  •  •  •  •••••••••••• 

O'  O  cm  co  'ors»r-«^<Mcovtinm\£)n».oo 

H  N  <M  N  CM  CM  CO  CO  CO  CO  CO  cO  CO  CO  CO  CO 


CM  CM  CM  CM  CM 

O  O  co  o 

n  ^  O'  O'  m 


cm  in 

oo  oo  o 


so  n-  oo 

^ 


TABLE  A- 1  (Cone I'd) 


£ 

CM  CM  O  <n  Q> 

r-4  W  N  H  U 

CM  <M  rn  CM  4J 

.  <0 
04 

T3 

Q> 


00 


in  m  qo 
cn 


O 

a 

<u 


05 


«W 

vO  N  N  O 
Os  ^  O 
m  m  m  td 
•  •  •  c 

r-4  r-4  i~4  UJ  V 


r-4  O  r-4  r-4  r-l  O  CM  O  CM  H  M  O  f-«  OCMO 

M  H  O  N  H  CM  O  *-4  ^CMOO*-*CO»-MCM 

x:  cn  cn  cm  cn  cn  o*o  *-«cncM»n<j-cncM>o 


o  o  o  O'  m  mo 

cm  cm  cn  cn  cm 


n  cn  cn  co  cm  m 

cm  m  O'  ^  »-4  m  cn 

ao  m  m  m  ^  ^ 


cn  o  r"-  m  omen 

<$  r-l  r-4  00  CM  00 


co»— i©*^  co  co  m 

m  <r  m  *-4  co  so  m  <t 

cncncncn  cm  cm  cm  cm 


r^»mf^cn^  o  cn  ooocn^4^^«n 

•  ••••  ••  •••••••• 

m  O'  cn  m  o  m  m  v©  m  r^-  Mf  oom 

r-4  CM  r-4  r-4  rHr-4  O  N  H  H 


M  | 


o'  n  O'  m  m  cn  vo  o  m  m  m  cn  m  m  m  cn 

•  «  •  •  •  •  •  •  •  •  ••••  •  •  •  • 

omcMincMr^cM*^vOcncMmcMcoo^<f<N 


SvocncncMom^r- 

cMmo'<tr-4oomcn 

oooor^mmm-^<j<j 


ocno'oooomo 

cnc7>r-40'0sj,moo' 
•  •••••••• 

00  O'  CM  r^.  O  r-4  CM  ST  vj 
<*<jmmv£)vOvO'Ov£> 


O'  in  H  O  oo  O'  \D  «0  N 

r-4  o  cn  r-4  cx>  v©  m  cn 

-O  <rmcncn  cm  cm  cm  cm 


cm  momom  cm  o  oo 
oo  m  cm  oo  so  <t  o  n-  O 


m  vOOOr-4  cn  m  m  c^ 
vO  io  r**  n  t'*  r>»  r* 


-59- 


TABLE  A- II 

INVERSE  POLE  FIGURE  ANALYSIS  OF  TEXTURE  PERPENDICULAR  TO  PRESSING 
DIRECTION  OF  -Si-^NA  COMPONENT  OF  NORTON  NC-132  SILICON  NITRIDE 

Normal  to  Pressing 


Standard  Pattern  9-259  NC-132  Random  Powder  Direction 

,  .  .  ffs  T  /T  ,  _  /-  .  ,9 . 


hkl 

d  (A) 

d  (A) 

I / Imax 

0 - 

d  (A) 

I/Imax 

^■/■'■random 

100 

6.63 

17 

6.64 

27.0 

6.61 

21.6 

0.80 

110 

3.82 

20 

3.82 

33.2 

3.81 

33.2 

1.00 

200 

3.31 

85 

3.30 

87.7 

3.30 

92.3 

1.05 

101 

2.668 

100 

2.666 

83.1 

2.662 

37.6 

1.23 

201 

2.492 

100 

2.494 

100 

2.493 

100 

1.00 

111 

2.312 

9 

2.320 

25.9 

2.311 

11.6 

0.45 

201 

2.180 

35 

2.183 

28.9 

2.181 

15.3 

0.53 

220 

1.904 

5 

1.902 

8.7 

1.902 

9.3 

1.07 

211 

1.892 

5 

- 

- 

1.893 

5.8 

- 

310 

1.827 

20 

1.828 

11.7 

1.826 

13.7 

1.17 

301 

1.753 

70 

1.754 

31.9 

1.753 

29.5 

0.92 

221 

1.593 

20 

1.595 

13.6 

1.593 

13.7 

1.01 

311 

1.548 

9 

1.541 

6.8 

1.542 

5.3 

0.78 

320 

1.512 

35 

1.511 

12.8 

1.512 

17.4 

1.36 

002 

1.455 

35 

1.454 

21.8 

1.454 

10.0 

0.46 

410 

1.437 

20 

1.437 

17.2 

1.437 

15.3 

0.89 

112 

1.358 

3 

- 

- 

- 

- 

- 

321 

1.341 

40 

1.341 

28.9 

1.341 

36.0 

1.25 

202 

1.330 

17 

1.326 

6.0 

1.330 

5.3 

0.88 

500 

1.317 

17 

1.316 

9.3 

1.319 

7.7 

0.83 

411 

1.288 

85 

1.290 

23.4 

1.289 

24.4 

1.04 

330 

1.268 

20 

1.267 

10.4 

1.266 

10.4 

1.00 

212 

1.255 

85 

1.256 

19.9 

1.256 

10.4 

0.52 

420 

1.244 

3 

1.237 

13.1 

1.237 

5.3 

0.40 
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The  two  reflections  100  and  200  correspond  to  first  and  second  order 
reflections  from  the  same  set  of  planes,  and  thus  should  give  the  same 
"times  random"  ratio.  The  average,  0.92  +  .12  provides  a  measure  of  the 
uncertainty  in  these  ratios,  and  indicates  no  texture  within  experimental 
error.  The  difference  between  the  intensity  ratio  may  be  explained  in  terms 
of  a  107„  uncertainty  in  estimation  of  peak  height  which  is  not  unreasonable. 

As  the  microstructure  has  essentially  random  texture,  the  labor  of 
computing  a  stereographic  projection  of  normals  to  the  diffracting  planes 
for  preparation  of  an  inverse  pole  figure  was  not  justified.  The  texture 
in  several  important  zones,  however,  was  examined. 

For  (hoi)  planes  parallel  to  010: 


(100),  (200) 
(101),  (202) 
(301) 


I/I 


random 


=  0.92  +  .12 
1.05  +  .18 
0.92 


For  (hkl)  planes  parallel  to  110: 


(110),  (220)  l/lrandom  =  1.03  +  .03 

(221)  1.01 


For  (hkO)  planes  parallel  to  001: 

(100),  (200)  I/Irandom  =  0.92  +  .12 
(110),  (220)  1.03  +  .03 

(310)  1.17 

(320)  1.36 

(410)  0.89 

(330)  1.00 

(420)  0.40  +  .40 

Variation  of  "times  random"  orientations  of  planes  whose  normals  fall  in 

these  zones  display  no  systematic  variation.  All  ratios  are  close  to 
unity  and,  as  mentioned  above,  it  was  concluded  that  the  microstructure 
displayed  no  signifiant  texture. 


